ABSTRACT.-To test the hypothesis that the dietary intake of the sulfur-containing amino acids (SAA) methionine and cyst(e)ine affects energy intake or the allocation of energy to production and oxidation, respectively, we fed five groups of White-crowned Sparrows (Zonotrichia leucophrys gambeliz) five isocaloric, isonitrogenous diets before, during, and after their postnuptial molt. The diets ranged in SAA content from sub-to superadequate in relation to standards established for poultry, and from very low to very high in relation to the SAA content of natural foods. The patterns of plumage replacement were indistinguishable among the five groups. The body weights of all birds decreased sharply at the onset of molt, as is typical for this and other species, and then gradually increased through early molt and stabilized during mid-and late molt. The components of energy balance (gross energy intake, energy utilization coefficient, caloric density of excreta, total excretory energy output) did not differ significantly or consistently among the five groups. Likewise, the net energy of molt, as estimated by subtracting the maintenance requirement for metabolized energy from the expenditure during molt by the same birds, ranged from 582 to 6 11 kJ, but without significant differences among the groups and without consistent correlations to the diets. The grand average was 605 kJ/25-g bird. Hence, we are unable to verify the predictions of the amino acid model for the determination of the energy requirements of molt. Gavrilov and Dolnik (1974) postulated that the apparent discrepancy between the energy cost of molt and the energy deposited in plumage might be accounted for by the energy-demanding conversion (oxidation) of large amounts of food to extract the indispensable amino acids cysteine or cystine (henceforth cyst(e)ine) necessary for feather synthesis. This hypothesis, which we will call the "aminostatic hypothesis of molt energetics" (or simply the "aminostatic hypothesis") because it depends on an aminostatic regulation of food intake, is described by the equation ( 
with those measured by energy balance methods (Gavrilov 1974) . Through this "aminostatic" equation, Kendeigh et al. (1977) calculated that nearly a 50% reduction in the net energy cost of molt would result from a shift from granivorous to insectivorous feeding by molting birds.
A critical evaluation of the assumptions implicit in the "aminostatic hypothesis" (King 198 1, and the following text) led us to question whether (1) the narrow range of cyst(e)ine concentration (A,, = 1.2-l. 5%) in the experimental diets used by Gavrilov (1974) or (2) the potential for error in his estimates of several variables in the aminostatic equation, had not resulted in a remarkable concordance between direct and indirect measurements.
In the first place, the "aminostatic hypothesis" requires that feeding be regulated by the availability of the limiting amino acid (presumably cyst(e)ine during molt) so that food consumption will increase to a level that satisfies metabolic demands for amino acids. On the contrary, however, existing evidence for a partial role of aminostatic control of feeding (Leung and Rogers 1969,197 Scott et al. 1982 ) have reported decreases, not increases, of food intake when dietary amino acid concentrations are inadequate. This seems to suggest that if aminostatic regulation acts at all in daily feeding behavior in response to mixed diets it is more likely to affect the choice of foods rather than the total amount (in kJ) eaten. Regardless of the mechanism (aminostatic, glucostatic, lipostatic) that controls food intake, the available evidence makes it unlikely that food consumption will substantially increase for an extended period to supply a limiting amino acid.
In the second place, even if molting birds can consume more than enough energy and other nutrients in compliance with the "aminostatic hypothesis," the reliable use of the aminostatic equation requires that the diet consumed by birds before the onset of molt exactly meets the cyst(e)ine requirement (or, more correctly, SAA requirement: see beyond). This would mean that the SAA requirement during molt is entirely additive (i.e., before molt the diet cannot contain excesses of SAA that may be shunted from oxidative pathways to keratin synthesis at the onset of molt).
In the third place, the aminostatic equation neglects the potential role of endogenous SAA reserves (e.g., tissue proteins or glutathione) and assumes that all SAA for keratin synthesis is obtained from the diet. Reports of increased glutathione (or at least free sulfhydryl) concentration in the blood of domestic fowl during molt (Goto and Okamoto 1965) however, make this assumption questionable. Glutathione is a tripeptide (glu-cys-gly) that has been shown to serve as a cyst(e)ine reservoir also in laboratory rats during periods of dietary SAA deficiency (Tateishi et al. 1977, Cho et al. 198 1, Seligson and Rotruck 1983). Additional evidence of the occurrence of endogenous SAA reserves during production comes from studies of egg-laying domestic fowl (Leveille et al. 196 1) . Hens that were fed too little methionine promptly ate less and soon after stopped layings eggs. Food consumption then increased to control levels, and after a few days egglaying resumed and food consumption decreased sharply. Egg-laying resembles molt in that a largely proteinaceous product is synthesized and then excreted from the metabolic pool. The results of Leveille et al. (196 1) suggest that the SAA requirements of egg-laying hens exceeded SAA availability from the diet, which depressed food intake and inhibited egglaying. The diet, however, met and apparently exceeded the maintenance requirements, so that normal food consumption was restored when egg-laying ceased and tissue proteins could likewise be restored. The response of hens to SAA deficiency during egg production thus sharply contrasts with the predictions of the "aminostatic hypothesis" of molt energetits.
In the fourth place, the aminostatic equation omits a coefficient of utilization for dietary SAA, apparently assuming that 100% of dietary cyst(e)ine is absorbed and incorporated into protein. In reality, cyst(e)ine availability from dietary protein may range from almost negligible, as in the case of keratins (Scott et al. 1982 ) to nearly complete in other kinds of proteins (Baker 1976 ). Moreover, the apparent availability of SAA (methionine plus cyst(e)ine) for tissue growth and feathering in male domestic fowl averages only 68% of the animal' s requirement (Scott et al. 1982 ). This occurs because the SAA are involved in metabolic functions apart from their role as substrate for protein synthesis (e.g., cyst(e)ine as a sulfate donor, and methionine as a methyl donor and Davidson et al. 1964 ). This, plus the remarkable concordance between measured and predicted NEM reported by Gavrilov (1974) , prompted us to investigate energy utilization by molting White-crowned Sparrows when fed graded levels of SAA. In effect, this is an empirical test of the "aminostatic hypothesis" of molt energetics.
MATERIALS AND METHODS
We captured White-crowned Sparrows (Zonotrichia leucophrys gambelil] during their spring migration through eastern Washington and kept them in an outdoor aviary where chick-starter mash and water were freely available. About one month before molt began we transferred the experimental birds from the outdoor aviary to individual cages (22 x 40 x 27 cm) in constant-condition rooms (2 1°C LD 16:8). For 12 days we fed these birds (four to five per group) the basal synthetic diet described by Murphy and Ring (1982b) , and then transferred them to five different experimental diets identical in composition to the basal diet except for graded SAA concentrations (Table  1) . We made the five diets isonitrogenous (13.5% protein = 2.12% nitrogen x 6.38 [the Kjeldahl conversion factor for casein]) by adjustments of glutamic acid concentration. Differences in the caloric density of the five diets were trivial, and the grand average of 15 measurements (three each of five diets) of the heat of combustion at constant volume was 17.40 * 0.13 kJ/g. The experimental birds remained on their respective diets throughout the 90-day duration of the trials. We measured body weights and the status of molt (Murphy and Ring 1984a) every third day, and food intake and the production of excreta simultaneously throughout molt for three successive days alternating with three-day intervals. We later measured the caloric density of the excreta collections from all trial periods by oxygen-bomb calorimetry.
We analyzed the primary data by a split-plot through-time ANOVA and Duncan' s Multiple Range Test (Steel and Torrie 1960) and examined the net energy cost of molt (the areas beneath plots of metabolized energy intake vs. days of molt for individual birds) for the dietary groups by one-way ANOVA. We cite the levels of statistical significance as the probabilities (P) that either sets of means are homogeneous or paired means are alike.
RESULTS AND DISCUSSION
The pattern of postnuptial molt in experimental groups of White-crowned Sparrows and the weight of plumage replaced are indistinguishable through a range of dietary SAA concentrations exceeding that of the present experiments (Murphy and Ring 1984a), which shows that the intensity of production in molt is alike among dietary groups. It remains to be shown from the results reported herein whether this uniformity is achieved by similar or dissimilar patterns of energy intake, excretion, and retention among the five dietary groups. of diet C exceeded that of diet E. The total the predictions of the aminostatic equation. In increase of food intake above the basal level fact, the measured food intake by group A was during molt is given for each dietary group in less than even that predicted for 100% utili- Table 2 . The agreement among groups in mea-zation of methionine plus cyst(e)ine (total sured increases of intake is inconsistent with SAA). This implies either that in at least this group endogenous reserves of SAA contributed to feather synthesis or, more likely (cf. Murphy and King 1984b) , that the SAA in food needed to meet maintenance energy requirements exceeded the maintenance SAA requirement, the excess being available for keratin synthesis. We can only conclude from these data that a primary implication of the "aminostatic hypothesis" was not expressed by the birds in our experiments; i.e., food consumption was unaffected through a range of dietary SAA and cyst(e)ine concentrations that occur in natural foods (based on our estimates from data contained in F.A.O. [ 19701) and that also brackets the requirements of poultry for these amino acids (National Research Council 1977).
We turn next to an examination of correlations, or lack of them, among other components of energy intake, flow, and excretion. Food consumption was inversely correlated with the energy utilization coefficient (Fig. 1) . Decreasing trends in food consumption (stage 1 significantly > stage 7 in all dietary groups) were accompanied by increasing trends in the UC (stage 1 significantly < stage 7 in all groups). Because the diet x stage interaction was not significant (I' = 0.0850) for the UC, the main effects of diet and stage could be considered separately (Table 3) . Differences in the mean UC of the five groups were marginally significant (P = 0.0655), and there were no clear-cut relationships between diets in the utilization of energy as expressed through the UC. For example, the UC in birds consuming diet A (lowest SAA and cys concentrations) differed significantly from those consuming diet D (highest) only in stage 1 and was consistently higher than in diet C throughout molt. Differences of UC among molt stages for all groups, however, were highly significant (P = 0.0001) even though relatively small (ca. 72 and 86% Fig. 2) , presumably permitting energy demands to be met by decreasing quantities of food. The interrelations of these variables suggest that energy demand rather than SAA demand is the prepotent regulator of food consumption. Finally, we consider the net energy cost of molt and the changes of body weight during molt (Fig. 3) . The patterns of body-weight variation were consistent among the diets and also with the patterns reported by Chilgren (1977) in White-crowned Sparrows fed chickstarter mash and subjected to various air temperatures. Because of this concordance we have reported metabolized energy without attempting to make corrections for body-weight variation. We did, however, undertake a preliminary analysis of metabolized energy corrected for body-weight variation, using 29 and 17 W/g as the caloric equivalents of weight gain and loss, respectively. The results were largely unaffected, probably for two reasons. First, weight changes through any three-day trial were usually small (typically less than 0.5 g). Second, the patterns of weight variation were so similar in all groups that "corrections" for the changes had little or no effect on the comparative results. This being so, we preferred to base our analysis on measured values rather than values "corrected" on the basis of questionable conversion factors (King 1972) . We sought to minimize dependence on the estimate of basal or maintenance metabolized energy expenditure (equal to stage 7) in evaluating the differences of metabolized energy income among the dietary groups; therefore, we compared the total (rather than net) metabolized energy by molt stages. Because the interaction of stage x diet was significant (P = 0.0004), the main effects of diet and stage could In short, the White-crowned Sparrows in our experiments were able to sustain a normal molt without differences of gross food intake among dietary groups when consuming diets that contained as little as 0.33% SAA (with cyst(e)ine representing only 0.2% of dietary protein) and as much as 0.78% SAA. This was so in spite of the progressive increase of the UC in all groups, an increase that acted to minimize or even obscure the increase of food intake (and thus of SAA) that would normally accompany increased energy demands. Paradoxically, an increase of the UC, while superficially suggesting an increase of efficiency in the use of nutrients, may actually be detrimental if it re- Lastly, we consider briefly the apparent net energy cost of molt and the net efficiency of production. King (198 1) noted that the reliability of energy-balance methods, such as the one used in this investigation, depends on fulfillment of the assumption that energy expenditure in locomotor activity is invariant through the test period (premolt, molt, and postmolt). Chilgren (1975) showed that this was not so in White-crowned Sparrows, and that locomotor activity decreased sharply during the postnuptial molt compared with activity in pre-and postmolt periods. This is evidently true in several other species of finches (Eyster 1954 ). For comparative purposes we assumed, as seems reasonable in view of the concordance of other variables, that locomotor activity varied in parallel through molt in all five dietary groups in our experiments. Nevertheless, the grand average NEMis likely to be an underestimate of the true NEM because of the putative reduction of energy diverted to locomotor activity. The mean NEM did not differ significantly (P = 0.05) among the five groups, and the pooled mean (f SE) was 605 f 38 kJ/25-g bird (n = 23). This is substantially less than the average of 821 kJ (469 kJ/g of plumage x 1.75 g of plumage) estimated by Ring (198 1) for small birds, including the White-crowned Sparrow. This finding prompts us to reiterate his caveat that "it cannot be emphasized too strongly that these measurements [of NEM] are still subject to a substantial uncertainty, and should not be petrified as dogma."
The apparent net energetic efficiency of feather synthesis in this investigation was 6.4% [100(1.75 g of plumage x 22 kJ/g)/(605 kJ/ plumage)], and did not differ significantly among groups. This quantity may be overestimated because of the putative underestimation of the NEA4, but still would appear to be far less than the net energetic efficiency of other kinds of productive processes (as we discussed earlier in this report). This calls for an explanation of the fact that so little of the metabolized energy associated with molt is deposited in the plumage. We can only speculate about this. The explanation does not seem to lie in increased thermoregulatory costs entrained by the shedding and regrowth of plumage, because this investigation as well as most other ones like it were conducted at thermoneutral air temperatures. On the contrary, Gavrilov and Dolnik (1974) argued that the dissipation of heat at moderate to high air temperatures is more challenging to molting birds than the production or conservation of heat for thermoregulation. An alternative explanation for the apparently large energy cost of molt compared to the energy deposited in plumage was sketched by Hanson (1962) and proposed by Dolnik (1967: as cited by Gavrilov and Dolnik 1974). They suggested that molt entrains a generalized acceleration of protein metabolism beyond that associated with the synthesis of keratin, and that a large amount of energy may be devoted to supporting additional, and apparently obligatory, protein synthesis. We are currently initiating experiments to examine this postulate.
